Background The Genant semiquantitative (GSQ) method has been a standard procedure for diagnosis of vertebral fractures in adults but has only recently been shown to be of clinical utility in children. Observer agreement using the GSQ method in this age group has not been described. Objective To evaluate observer agreement on vertebral readability and vertebral fracture diagnosis using the GSQ method in pediatric vertebral morphometry.
Introduction
There has been extensive investigation of vertebral fractures in adults during the past 20 years [1] [2] [3] [4] [5] [6] [7] [8] [9] . In contrast, the study of pediatric vertebral fracture is in its infancy, in part because these fractures are much less common in the general pediatric population than in the adult population, in part because of the lack of an accepted technique for diagnosis [10, 11] . An important impetus to adult vertebral fracture research was the development of vertebral morphometry techniques that were subsequently shown to be clinically meaningful [12] . The predominant approach used in the field of adult osteoporosis is the modified Genant semequantitative method (GSQ method) [1] [2] [3] [4] [5] [6] [7] [8] [9] . This system has been used in many of the major drug trials and clinical studies and has been recommended for use in routine clinical practice [13] [14] [15] . The procedure involves visually assessing anterior, middle and posterior height ratios of each vertebral body from T4 to L4 on lateral spine images, with height reductions graded on a four-point scale [1, 3] . The method is considered semiquantitative by virtue of assigning approximate ratios within a range defined by each grade rather than by using exact measurements. The advantage of this method over strict quantitative morphometry is that it utilizes radiologist expertise in assessing vertebral morphology. This is particularly important if the technique is to be applied to pediatric spine imaging, where incomplete calcification of the centrum must be considered in the evaluation [1, 16, 17] .
Vertebral fractures are increasingly recognized as an important clinical consequence of osteoporosis in children and adolescents, particularly those treated with glucocorticoids [17] [18] [19] . There is not yet an accepted morphometric approach to radiologic assessment, although several research groups have developed methodologies for their own use [20] [21] [22] . We have recently applied the GSQ method in children with rheumatic conditions, where GSQ method-defined vertebral fractures correlated with the presence of back pain, and in children with acute lymphoblastic leukemia (ALL), where vertebral fractures correlated with bone mineral density (BMD), metacarpal cortical area and back pain [17, 18] . These findings suggest that the GSQ method may be an appropriate system for use in pediatric osteoporosis studies and pediatric clinical practice.
An important requirement of any diagnostic method is acceptable concordance within and between readers [23] . The reproducibility of the GSQ method in adult radiographic vertebral morphometry has been studied in depth, with results summarized in Table 1 . Intra-and interobserver agreements range from fair (Cohen's kappa statistic [κ] from 0.21 to 0.40) to almost perfect (κ>0.80) at both the individual vertebral level (determining whether individual vertebrae are fractured) and at the patient level (determining whether a patient has one or more vertebral fractures) [1] [2] [3] [4] [5] [6] [7] [8] [9] 23] . As the reproducibility of the GSQ method in children has not been described, we have evaluated observer agreement on vertebral readability and vertebral fracture diagnosis in a cohort of children with ALL, employing the same GSQ methodology and grading used in adults.
Materials and methods

Study participants
This study was approved by the Research Ethics Boards in the participating institutions and local consent processes were followed. Study subjects were children and adolescents with newly diagnosed ALL at ten tertiary care children's hospitals enrolled in the Steroid-associated Osteoporosis in the Pediatric Population (STOPP) study. Demographic data was collected. Height, weight and BMD values were transformed to age-and sex-matched Z-scores, which represent the number of standard deviations from the mean for a reference population of that age and sex. Height and weight Z-scores were determined using the U.S. Centers for Disease Control National Center for Health Statistics normative database and lumbar spine BMD results were determined using the Hologic (Waltham, MA, USA) 12.4 normative database. Spine images were evaluated independently by three experienced radiologists (mean time since radiology accreditation: 33 years, range: 20 years to 50 years). The entire cohort (n =186) was evaluated to determine interobserver agreement, with this group referred to as the Interobserver Cohort. As assessment may be more difficult at younger ages when bone development is less advanced, the cohort was divided into two equal-sized groups based on age, the Younger Interobserver Cohort (n =93) and the Older Interobserver Cohort (n =93). To determine intraobserver agreement (Intraobserver Cohort), radiographs of 100 subjects were randomly chosen to be read a second time by each radiologist (with a minimum interval of at least 4 weeks and with no knowledge of the results of the first read). The Intraobserver Cohort was also divided into two equal-sized subsets (n =50) based on age (Younger Intraobserver Cohort and Older Intraobserver Cohort).
Vertebral morphometry
Subjects underwent lateral spine radiographs using standardized technique at a median of 18 days (interquartile range: 7 to 25 days) from first chemotherapy following the diagnosis of ALL. The spine was evaluated from T4 to L4. Individual vertebrae were graded according to the GSQ method by assessing the anterior:posterior height ratio and the middle:posterior height ratio within a vertebra, and the posterior:posterior height ratio when comparing to an adjacent vertebra [1] . The methodology is illustrated in Fig. 1 . Examples of fractures in this patient group graded using the GSQ method have previously been published [17] . For the main analyses, fracture grades were defined as grade 1 (>20% to 25% reduction in a height ratio), grade 2 (>25 to 40% reduction) or grade 3 (>40% reduction). For some analyses, grade 0.5 was also considered, defined as reduction in a height ratio of >15% to 20%. These grades and grade definitions are the same as are used in adult studies applying the GSQ method. A record was made of vertebrae that were considered unreadable by each radiologist. Fracture morphology was not assessed in this analysis.
Statistical methods
Population characteristics are expressed as mean (SD) or median (range) for continuous variables, while discrete variables are expressed as the value (percentage frequency). Agreement within or between readers is expressed using percent simple agreement and κ with 95% confidence interval (95% CI) [23] . Weighted κ (weighted for fracture grade) was also determined in some analyses [24] . Observer agreement was assessed in two ways: at the individual vertebral level and at the patient level. For global assessment of agreement at the vertebral level for both readability and vertebral fracture, all vertebrae were combined into a single pool, giving a maximum of 2,418 comparisons. Agreement was also determined at each vertebral level for the presence of vertebral fracture, a maximum of 186 comparisons per vertebra. Results
Study population
The entire study population was used for determination of interobserver agreement (Interobserver Cohort) and is described in Table 2 . This patient group has been previously described in detail [17] . The Younger (mean age: 3.4 years; range: 1.3 to 5.2 years) and Older (mean age: 9.6 years; range: 5.3 to 17.0 years) Interobserver Cohorts differed only in age (P <0.001) and weight Z-score (P =0.001). The subset of subjects used for assessment of intraobserver agreement was similarly divided into Younger (mean age: 5.4 years; range: 1.3 to 5.3 years) and Older (mean age: 10.2 years; range: 5.4 to 16.6 years) Intraobserver Cohorts, which again differed in age (P <0.001) and weight Z-score (P =0.004).
Readability
The proportion of subjects for which all 13 vertebrae were readable averaged 75.4% (range: 59.7% to 87.6% for the three radiologists). Of the 2,418 individual vertebral assessments done by each radiologist in the Interobserver Cohort, a mean of 4.7% (2.3% to 8.2%) was unreadable, ranging from 2.3% to 8.2% for the individual readers. In the younger group, a mean of 7.4% (4.1% to 12.2%) of total vertebrae was unreadable compared to 1.6% (0.8% to 2.8%) in the older group. The upper thoracic spine had the highest unreadability (Fig. 2) . From T4 to T8, the mean percentage of vertebrae that were unreadable was 10.1% (range: 5.3% to 17.3%) compared to 1.2% (range: 0.4% to 2.4%) from T9 to L4. Κ values for intraobserver and interobserver agreement on readability are shown in Table 3 . 
Lumbar spine BMD Z-score, mean (SD)
Spine BMD Z-score for bone age, mean (SD) 5 (17) 1 (8) 4 (24) 5 (24) 1 (14) 4 (29) BMD bone mineral density, SD standard deviation *P <0.001 compared to Interobserver Older Cohort, **P =0.001 compared to Interobserver Older Cohort, ***P <0.001 compared to Intraobserver Older Cohort, ****P =0.004 compared to Intraobserver Older Cohort Vertebral fracture diagnosis
Intraobserver agreement on vertebral fracture diagnosis
The intraobserver κ for the presence of vertebral fracture at the vertebral level ranged from 0.529 to 0.726 while the weighted κ ranged from 0.632 to 0.731 (Table 4) . At the patient level, κ had a range of 0.528 to 0.767 and the weighted κ ranged from 0.678 to 0.778. Intraobserver agreement was similar across vertebral levels with the exception of L4, where agreement dropped off (Fig. 3) . When reproducibility of fracture diagnosis was examined by age group, there was little difference between the two groups (Table 5 ). To determine whether intraobserver agreement was dependent on fracture grade, different outcome dichotomies were assessed, with fracture definition thresholds ranging from grade 0.5 to grade 3 (Fig. 4) . There was little change in agreement across fracture grades at either the vertebral or patient levels.
Interobserver agreement on vertebral fracture diagnosis
The interobserver κ value for the presence of fracture at the vertebral level ranged from 0.455 to 0.548 and the weighted κ from 0.481 to 0.568 (Table 4) . At the patient level the κ ranged from 0.433 to 0.486 while the weighted κ ranged from 0.525 to 0.592. Agreement was better in the lower spine than the upper spine (Fig. 3) . For T4 to T8 the κ ranged from 0.289 to 0.517 compared to 0.531 to 0.692 for T9 to L4. When reproducibility of fracture diagnosis was examined by age group, κ values were similar and overlapping for the two groups for each radiologist pair (Table 6) . Agreement was also similar across fracture grades at the vertebral level (Fig. 4) . At the patient level, however, the κ increased from lower to higher grades (Fig. 4) .
Discussion
We have recently shown that the presence of vertebral fracture in children diagnosed using the GSQ method correlates with clinically important parameters [17, 18] . Instituting this approach to defining vertebral fracture in pediatric clinical practice requires an understanding of the method's reproducibility in children. In our evaluation of spine radiographs of children with newly diagnosed leukemia, we have found that 4.7% of individual vertebrae were unreadable, with 7.4% unreadable in the younger group (mean age: 3.4 years) vs. 1.6% in the older group (mean age: 9.6 years). These results are similar to findings in another pediatric study that found 7.6% of vertebrae to be unreadable, and is within the spectrum of unreadability reported in the adult literature, which ranges from 0.0% to 12.5% [6, 9, [25] [26] [27] . Few data exist on causes of vertebral unreadability on plain radiographs, but vertebral fracture assessment by dual-energy X-ray absorptiometry has a much higher rate of unreadability, which has allowed assessment of some determinants of unreadability. A pediatric vertebral fracture assessment study has reported that visibility is worse in children with lower BMD, a factor that could contribute to lower readability in younger children, who have lower density than older children [26] . In adults, small body size is a cause of impaired readability, suggesting another contributor to lower readability in younger subjects [6, 8, [28] [29] [30] . Other possible causes of unreadability reported in adult vertebral fracture assessment and plain radiographic studies include patient movement, poor radiographic technique, obesity and anatomical abnormalities of the spine including scoliosis [6, 7, 28] . Intraobserver agreement for determining readability in our study was moderate while interobserver agreement was moderate to substantial. Intraobserver agreement for diagnosis of vertebral fracture was moderate to substantial while interobserver agreement was moderate. The finding of lower interobserver agreement compared to intraobserver agreement is a standard result in most studies of observer variability, since besides the factors that lead to variability by an individual there are additional sources of inter-person inconsistencies (Table 1) . Our diagnostic agreement results are similar to those of a pediatric study using a different set of morphometric definitions that showed intraobserver κ of 0.47 to 1.0 for spine subregions and overlap those reported in the adult literature using the GSQ method (Table 1 ) [1] [2] [3] [4] [5] [6] [7] [8] [9] 20] . Some of the causes for diagnostic variability may be the same as those noted for variability in readability, namely small body size and difficulty defining vertebral margins due to lower bone density [6, 26] . This is exemplified by an attempt to use vertebral fracture assessment to image vertebral fractures in a small pediatric cohort [26] . Compared to morphometry on standard spine radiographs as the gold standard, sensitivity by consensus of two observers was only 16% (95% CI, 7-35%), as the computer edge detection paradigm was unable to accurately define vertebral margins [26] . Our analysis included different definitions of fracture for the fracture/non-fracture dichotomy in determining the κ statistic. We found that there was only minimal change at the vertebral level with an increasing fracture grade threshold for either intraobserver or interobserver agreement, and also at the patient level for intraobserver agreement, consistent with minimal change in the weighted κ (weighted by fracture grade) compared to unweighted ones. In contrast, interobserver agreement improved substantially with higher fracture grades at the patient level. The κ rose from fair to moderate at grade 0.5 to substantial or almost perfect at fracture grade 3. This improvement in performance with higher fracture grade has been described in adult morphometry using the GSQ method and is consistent with the view that the most difficult assessment using the GSQ method is in distinguishing a borderline grade 1 fracture from normal [7, 8, 16, 31, 32] . The clinical importance of this finding is that higher-grade fractures confer larger clinical risks [17, 18] .
The greatest difficulties with readability and observer agreement on readability were seen in the upper thoracic spine. Although intraobserver agreement on vertebral fracture diagnosis did not vary substantially along the spine, interobserver concordance did relate to anatomical distribution, again with greater variability in the upper thoracic spine. Our results are again similar to findings in adults and to a report in children [1, 3, 6, 28, 29, 32, 33] . These findings have a practical clinical application, as the mid-to upper-thoracic spine (T5 to T8) is one of the major foci of vertebral fractures in children and adolescents [11, 17, 26, 34] . If a vertebral fracture is suspected in the upper thoracic spine of a child, a high standard of radiographic quality is crucial; even then, standard radiographs may be inadequate for visualization and alternate imaging methods may be necessary.
A key limitation of this study is common to many investigations of observer variability: High rates of normal findings and high rates of simple agreement tend to underestimate the true level of concordance [30] . This is exemplified by the disproportionately low reproducibility of fracture diagnosis at L4 (Fig. 3) , a consequence of the fact that only a single fracture was present at that location in our population compared to at least four fractures at all other vertebrae. If a pair of observations by a single radiologist or between two radiologists did not designate that vertebra as fractured on both occasions, the resulting κ is near zero despite the fact that agreement on non-fracture ranged from 96% to 99%. Some adult studies circumvent this by enriching the study mix with a higher percentage of abnormal findings [1, 2, 5, 8, 29] . This may be one of the reasons the κ values in our study are lower than some of the reported adult values. We chose to utilize our entire study population with ALL so that the calculated levels of agreement reflect real-life performance in this cohort.
Another limitation is the lack of information about normal vertebral height ratios in unfractured vertebral bodies of children. Normal height ratios have been extensively assessed in adults and there is a very low likelihood of any of them exceeding the 20% height ratio reduction threshold used to define fracture [35, 36] . The one anatomical area where there is a low rate of vertebrae exceeding this ratio is the midthoracic spine, where some anterior wedging is normally present that produces the natural thoracic kyphosis, leading to some false-positives in this region of the spine using the GSQ method [31, 35, 36] . The rate of false-positives is sufficiently low that the GSQ threshold of 20% is applied throughout the spine, including the mid-thoracic region, in clinical practice recommendations [13] [14] [15] . Solid data on normal height ratios in children is limited to the lower thoracic spine and lumbar area, where values are similar to those of adults and do not exceed 20% [37] . Since we have previously shown that GSQ-method defined fractures in our ALL population correlate with clinical variables like bone density, metacarpal cortical area, back pain and risk of future fractures, it is likely that the vast majority of the vertebral deformities meeting the GSQ method definition of fracture do, in fact, represent true fractures [17, 18, 38] . Further information is needed on normal vertebral body height ratios in the upper and middle thoracic spine of children and adolescents, however, to determine the likelihood of false-positives in this region.
A third limitation of our study common to almost all observer variability reports is that only a small number of observers were used, which limits the ability to statistically compare variability between individuals. An additional limitation of our study is that we looked only at prevalent vertebral fractures. Further analyses will be necessary to determine whether similar reproducibility is seen when applying the GSQ method to incident fracture analysis in children. In adults, the reproducibility is similar for both prevalent and incident fractures but this remains to be seen in pediatric imaging [1, 2, 39] . As a final point, our study specifically involved children with ALL. It is conceivable that the underlying disease process altered imaging characteristics of vertebrae and that this contributed to observer variability [40] . It may be that observer variability regarding vertebral fractures would be different in other medical conditions, although this has not been demonstrated to be the case in adults.
Conclusion
Using the GSQ method, intraobserver agreement on vertebral readability was moderate to substantial while interobserver agreement was fair to moderate. Agreement on the presence of vertebral fracture was moderate to substantial at both intra-and interobserver levels, within the range of performance of the technique in adult studies. This technique should be considered for use in pediatric research and clinical practice.
